Introduction
============

Lung cancer can be considered the most common malignancy and the leading cause of cancer death worldwide.[@b1-ott-8-2399] Generally, there are two major classes of lung cancer: non-small-cell lung cancer (NSCLC) and small-cell lung cancer (SCLC), and they have significant differences in biology, responses to therapy, and prognosis. NSCLC accounts for more than 85% of all lung cancer cases, and it includes non-squamous cell carcinomas (including adenocarcinoma, large-cell carcinoma, and other cell types) and squamous cell carcinomas. Adenocarcinoma is the most common type of lung cancer in general and in nonsmokers. Adenocarcinoma of the lung is a histologically, biologically, and genetically heterogeneous disease, conditioned by gradual accumulation of various genetic and epigenetic alterations leading to the activation of several molecular pathways and resulting in markedly different responses to the same treatment. A deeper understanding of the complexity of this disease has led to the development of small molecules that target genetic mutations known to play a critical role in the progression of adenocarcinoma to metastatic disease and affect the response of the adenocarcinoma to targeted therapies. Therefore, more recently, for patients with adenocarcinoma of the lung, personalized treatment has become a reality, with the development of many drugs that target specific pathways are altered in this disease. Here, we describe the distinctive nature of adenocarcinoma of the lung in regard to targeted therapies.

Targeting the epidermal growth factor receptor
==============================================

The first abnormalities discovered in lung cancer were epidermal growth factor receptor (EGFR) kinase domain mutations. EGFR-HER1 is one of four receptors involved in the pathway of epidermal growth factor (EGF) transfer (HER). It is a transmembrane receptor composed of an extracellular binding domain, a transmembrane domain, and an intracellular cytoplasmic domain with tyrosine kinase functionality.[@b2-ott-8-2399] EGFR is activated by specific ligands, such as EGF, transforming growth factor-α, amphiregulin, heparin-binding EGF, betacellulin, epiregulin, and neuregulin 2-α. Ligand binding to the receptor induces a conformational change in the intracellular cytoplasmic domain, which promotes homodimerization as well as heterodimerization with the other HER family members, resulting in tyrosine kinase autophosphorylation and activation.[@b3-ott-8-2399] This activation can promote tumor proliferation, invasion, migration, and neovascularization, which are mediated by the V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog (KRAS)/murine sarcoma viral oncogene homolog B (B-RAF)/mitogen-activated protein kinase and phosphatidylinositol-3-kinase/protein kinase B (AKT)/mammalian target of rapamycin pathways.[@b2-ott-8-2399] In 2004, the identification of somatic activating mutations in the EGFR gene was found to be closely linked with favorable clinical responses to EGFR-tyrosine kinase inhibitors (TKIs), and this led to the approval of gefitinib, erlotinib, and afatinib as first-line therapies for patients with lung adenocarcinoma with mutated EGFR.[@b4-ott-8-2399]--[@b6-ott-8-2399] To date, four mutations in EGFR exons have been identified, and they all involve the kinase domain of EGFR: a point mutation at G719 in exon 18, a deletion of the amino acids 747--750 in exon 19, in-frame insertions in exon 20, and point mutations at L858 and L861 in exon 21.[@b7-ott-8-2399]--[@b9-ott-8-2399] The most commonly observed EGFR mutations are deletions in exon 19 (45% of patients) and mutations in exon 21 (43% of patients).[@b10-ott-8-2399] Both these mutations result in activation of the tyrosine kinase domain.[@b7-ott-8-2399] Generally, these mutations more frequently arise in women and in nonsmokers with bronchioalveolar adenocarcinoma histology.[@b11-ott-8-2399] According to race, EGFR mutations are found in approximately 10% of Caucasian patients and up to 50% of Asian patients.[@b9-ott-8-2399] Finally, other predictors of response to anti-EGFR-TKIs besides EGFR gene mutations have been reported. Some authors found a correlation between EGFR gene amplification and response to EGFR-TKIs, as tumors with an EGFR gene amplification are frequently associated with coexisting EGFR mutations.[@b12-ott-8-2399] Additionally, the presence of KRAS mutations, which are frequent in smokers, seems to predict a negative response to EGFR inhibitors.[@b13-ott-8-2399]

Gefitinib and erlotinib or afatinib are approved selective EGFR-TKIs that should be used as first-line systemic therapy in patients with EGFR-mutated lung cancers in place of standard first-line chemotherapy.[@b4-ott-8-2399],[@b14-ott-8-2399],[@b15-ott-8-2399] Although the data on response and progression-free survival (PFS) favor the use of EGFR-TKIs in patients with EGFR mutations compared to standard chemotherapy, the data on overall survival are not as definitive.[@b14-ott-8-2399],[@b15-ott-8-2399] Additionally, although small differences in reported toxicities appear to favor one drug over the others, the lack of a direct comparison trial of TKI precludes any definitive conclusions.

Unfortunately, 20%--50% of patients with clinical or biologic predictors of EGFR-TKI sensitivity are resistant to these drugs (primary or de novo resistance).[@b16-ott-8-2399] Primary resistance to TKI therapy is associated with EGFR exon 20 insertions that result in a mutated form of the EGFR protein and with KRAS mutations and anaplastic lymphoma kinase (ALK) gene rearrangements.[@b17-ott-8-2399] Acquired resistance to EGFR-TKIs almost always develops after a median time of approximately 10 months from the initiation of treatment. Different genotypic and histologic mechanisms of resistance have been suggested.[@b18-ott-8-2399] The most common cause of acquired resistance to EGFR-TKIs is the presence of a mutation in the EGFR gene at exon 20, especially the substitution of methionine for threonine at position 790 (T790M), which accounts for more than half of such cases. However, several studies have suggested that the T790M mutation may also occur in patients who have not previously received TKI therapy.[@b19-ott-8-2399],[@b20-ott-8-2399] Other causes of secondary resistance include amplification of the hepatocyte growth factor receptor (MET) receptor tyrosine kinase, KRAS mutations, ALK gene rearrangements and phosphatidylinositol-3-kinase mutations.[@b21-ott-8-2399] Finally, acquired resistance can be associated with histologic transformation from NSCLC to SCLC and with tumor cells undergoing epithelial to mesenchymal transition.[@b22-ott-8-2399],[@b23-ott-8-2399]

To date, there is no consensus on the treatment for patients resistant to EGFR-TKIs. Second-line options include chemotherapy alone or continuation of TKI therapy with delayed chemotherapy.[@b24-ott-8-2399] The addition of chemotherapy with the continuation of prior EGFR-TKI therapy may be another second-line option; however, a recent Phase III study showed that PFS did not significantly improve with the continuation of gefitinib in addition to platinum-based doublet chemotherapy compared to chemotherapy alone.[@b25-ott-8-2399] Other strategies include re-treatment with EGFR-TKI after performing second-line salvage chemotherapy and re-treatment with EGFR-TKI after a drug-free interval.[@b26-ott-8-2399] Finally, these patients may be considered for a clinical trial.[@b26-ott-8-2399] In this setting, second- and third-generation EGFR-TKIs were designed that more potently inhibit EGFR to overcome the resistance provided by the EGFR T790M mutation. The second-generation EGFR-TKIs (dacomitinib, afatinib, and neratinib) have a higher affinity for the EGFR tyrosine kinase domain than first-generation EGFR-TKIs (erlotinib and gefitinib).[@b27-ott-8-2399] Furthermore, the second-generation EGFR-TKIs are pan-HER inhibitors that have in vitro activity against the T790M mutation. Unfortunately, although afatinib has been approved as a first-line treatment for advanced NSCLC-harboring activating EGFR mutations, and dacomitinib is under development in the same patient setting, in clinical trials, second-generation EGFR-TKIs (dacomitinib, afatinib, and neratinib) have shown limited activity in patients with acquired resistance to first-generation EGFR-TKIs.[@b28-ott-8-2399]--[@b30-ott-8-2399] The greatest treatment success has been achieved with the combination of afatinib with cetuximab (an anti-EGFR monoclonal antibody) in patients who developed resistance to erlotinib or gefitinib. However, this combination is associated with several adverse effects (overall skin and gastrointestinal adverse effects). Conversely, the third-generation EGFR-TKIs, rociletinib (CO-1686) and AZD9291, have been confirmed to have preclinical activity against lung cancer with the EGFR T790M mutation; this was observed in two recent clinical Phase I--II studies in patients with EGFR-mutated NSCLC associated with the T790M resistance mutation who had experienced disease progression during prior therapy with EGFR-TKIs.[@b31-ott-8-2399],[@b32-ott-8-2399]

Targeting the translocation of the ALK gene
===========================================

ALK is a transmembrane receptor tyrosine kinase that is a member of the insulin receptor superfamily. Rearrangements of the ALK gene have been reported in a rare subset of diffuse large B-cell lymphomas and inflammatory myofibroblastic tumors.[@b33-ott-8-2399],[@b34-ott-8-2399] Echinoderm microtubule-like protein 4 (EML4) is a protein that is encoded by the EML4 gene in humans and is necessary for correct microtubule formation (stabilizes microtubules). More recently, a new gene rearrangement resulting in a fusion gene between EMEL4 and ALK was discovered in NSCLC cells.[@b35-ott-8-2399] This rearrangement was not unique, as several variants have been reported. Generally, they involve the same intracellular tyrosine kinase domain of ALK, but different truncations of EML4.[@b36-ott-8-2399]--[@b39-ott-8-2399] However, their significance in clinical settings is unclear. Nonetheless, ALK rearrangement is a rare event in NSCLC patients; it is generally reported in 2%--5% of adenocarcinomas and in young female patients and nonsmokers and light smokers.[@b40-ott-8-2399] Moreover, this alteration seems to be independent of EGFR and KRAS gene mutations, although they are not mutually exclusive.[@b39-ott-8-2399],[@b41-ott-8-2399]--[@b45-ott-8-2399] Crizotinib -- an inhibitor of ALK, ROS1, and MET tyrosine kinases -- is approved by the FDA (US Food and Drug Administration) for patients with locally advanced NSCLC and metastatic NSCLC who are positive for the ALK gene rearrangement.[@b39-ott-8-2399],[@b46-ott-8-2399] In a randomized Phase III trial involving patients with advanced ALK-positive NSCLC who had received previous platinum-based chemotherapy, crizotinib showed superior efficacy to that of single-agent second-line chemotherapy with pemetrexed or docetaxel.[@b47-ott-8-2399] More recently, a multicenter, randomized, open-label, Phase III study (PROFILE 1014) that compared crizotinib treatment with pemetrexed-plus-platinum chemotherapy showed the superiority of first-line therapy with crizotinib in patients with previously untreated advanced ALK-positive NSCLC.[@b48-ott-8-2399] Unfortunately, most of the patients treated with crizotinib progressed within the first 11 months.[@b47-ott-8-2399] Although, the lack of response in a subset of patients with EML4-ALK rearrangement in the ongoing PROFILE 1,001 study may suggest a potential resistance to ALK inhibition, acquired resistance to crizotinib is well documented.[@b49-ott-8-2399] The acquired mechanisms of ALK inhibition resistance may directly involve ALK rearrangement (ALK gene mutations and ALK gene amplification) or other oncogenic pathways that coexist with ALK rearrangement, which are called "ALK-dominant" mechanisms and ALK "nondominant" mechanisms, respectively. Generally, "ALK-dominant" mechanisms, particularly those involving ALK gene mutations are the most common. To date, almost eight mutations have been described that result in resistance to crizotinib-based therapy (L1196M, C1156Y, 1151Tins, G1202R, S1206Y, F1174C, D1203N, and G1269A).[@b50-ott-8-2399]--[@b52-ott-8-2399] They account for 28% of cases of resistance to crizotinib. These mutations may involve crizotinib-binding sites or sites distant from crizotinib-binding sites. For example, the mutations G1202R and S1206Y are clustered around the ATP-binding pocket of ALK, and they cause reduced affinity of crizotinib for its binding site on the mutant ALK protein. The mutation L1196M is a gatekeeper that leads to resistance to crizotinib. Finally, the mutation 1151Tins is distant from the crizotinib-binding site, but decreases the affinity of ALK for ATP.[@b53-ott-8-2399] Another type of acquired mutation is wild-type ALK gene amplification.[@b53-ott-8-2399] In particular, a copy number gain (defined as an increase in the number of copies of the rearranged gene in cancer cells following crizotinib treatment compared to before crizotinib treatment) was detected in 18% of patients. Finally, crizotinib resistance may be associated with the aberrant activation of a parallel or downstream signaling pathway, including KRAS mutations, marked amplification of KIT, and increased autophosphorylation of EGFR.[@b53-ott-8-2399],[@b54-ott-8-2399]

Ceritinib is a second-generation ALK inhibitor that has been demonstrated to have activity in crizotinib-resistant patients; thus, it is a promising treatment option in this population. Ceritinib was recently approved in patients with ALK-positive metastatic NSCLC with either disease progression or intolerance to crizotinib.[@b55-ott-8-2399] Ceritinib seems to overcome some of the crizotinib resistance mutations (L1196M, G1269A, S1206Y, and I1171T).[@b53-ott-8-2399],[@b54-ott-8-2399] Two ongoing Phase III trials are investigating ceritinib versus standard chemotherapy in previously untreated and previously treated patients with ALK-rearranged NSCLC (ASCEND-4, ASCEND-5). Additionally, in July 2014, alectinib (a highly selective, orally bioavailable ALK inhibitor with tenfold greater potency than crizotinib) was granted approval in Japan for the treatment of patients with recurrent/relapsed ALK rearrangement NSCLC.[@b56-ott-8-2399] Furthermore, more agents (alectinib, ASP3026, and X396) with improved safety, selectivity, and potency are under investigation.[@b57-ott-8-2399] Finally, therapeutic approaches, including crizotinib-based combination therapy and novel agents, such as heat-shock protein 90 (Hsp90) inhibitors, are currently under evaluation.[@b39-ott-8-2399]

Other targets
=============

Angiogenesis plays a fundamental role in tumor growth and metastatic dissemination. Vascular endothelial growth factor (VEGF) is a fundamental regulator of angiogenesis. Bevacizumab (Bev) is a recombinant, humanized, monoclonal antibody against vascular endothelial growth factor that has been approved for the first-line treatment of several solid tumors. It has also been approved by the FDA for the first-line treatment of patients with unresectable, locally advanced, or metastatic non-squamous NSCLC. The use of Bev in these patients is well documented.[@b58-ott-8-2399] Additionally, in 2014, a randomized, multicenter, Phase II study investigated the efficacy and safety of the combination of erlotinib and Bev compared with erlotinib alone in patients with non-squamous NSCLC with activating EGFR mutation-positive disease.[@b59-ott-8-2399] The authors found that the combination strategy was more favorable in terms of PFS than the monotherapy strategy. Therefore, a larger Phase III trial of this regimen is warranted.

The advent of novel immunotherapies with recent success in melanoma patients has increased interest in immunotherapy for other solid tumors, including NSCLC. Therefore, in the near future, trials of immune checkpoint inhibitors that target the programmed cell death receptor and its ligand (nivolumab and pembrolizumab) and an immune checkpoint inhibitor that targets cytotoxic T-lymphocyte-associated antigen 4 (ipilimumab) will be performed and will examine these drugs in combination with other targeted therapies and as monotherapies in the specific EGFR-mutated and ALK-rearranged NSCLC subtype. Finally, although other gene rearrangements have recently been identified (such as ROS1 proto-oncogene receptor tyrosine kinase \[ROS1\] and ret proto-oncogene \[RET\]) that are susceptible to targeted therapies, their roles in cancer treatment are unclear and require future trials for clarification.[@b60-ott-8-2399]--[@b63-ott-8-2399]

Detection of EGFR mutations and ALK rearrangement
=================================================

An important limiting factor for adequate characterization of metastatic NSCLC is the small quantity of tumor cells available for molecular analysis, and this may reduce the use of targeted therapies in NSCLC patients.[@b64-ott-8-2399] The ideal method for performing a molecular analysis is to analyze a biopsy specimen; in fact, using a histologic sample allows for the formation of paraffin-embedded histologic slides and the selection of an area with at least 50% tumor cells for analysis. Unfortunately, one-third of primary NSCLC diagnoses are performed on cytologic samples, and usually no other biopsy materials are available for molecular analyses.[@b65-ott-8-2399]--[@b68-ott-8-2399] Many studies have demonstrated that cytologic material is suitable for EGFR mutation detection and for the EML4-ALK FISH test.[@b68-ott-8-2399]--[@b73-ott-8-2399] Unfortunately, cytologic material is often the only available diagnostic biologic tool.

To avoid the problem of the paucity of materials for molecular analysis, some alternate approaches have been investigated. First is the analysis of DNA extracted from plasma/serum or from circulating tumor cells. Second, some authors have tried to detect EGFR mutations in serum.[@b74-ott-8-2399]--[@b78-ott-8-2399] However, no study has reported definitive evidence regarding this efficacy of these alternative approaches, and the optimal sample for molecular analysis is unclear.

Finally, the third-generation EGFR-TKIs, CO-1686 and AZD9291, have demonstrated promising response rates in tumors with acquired EGFR T790 M mutation in early-phase studies. Additionally, ceritinib has been shown to have efficacy in overcoming some common crizotinib resistance mutations. These studies underscore the importance of re-biopsy for the performance of molecular analysis at the time of disease progression in patients with EGFR or ALK SCLC to determine subsequent treatment.[@b79-ott-8-2399] Future studies are awaited to determine the feasibility of re-biopsy in clinical practice.

The distinctive nature of adenocarcinoma of the lung
----------------------------------------------------

The molecular profile of adenocarcinoma of the lung is well defined.[@b80-ott-8-2399] Common mutations include EGFR, KRAS, and ALK translocation. Therapies have been developed that target these mutations. The approved agents with indications of FDA for NSCLC patients with EGFR+ ALK+ are summarized in [Table 1](#t1-ott-8-2399){ref-type="table"}. This highlights the distinctive nature of adenocarcinoma of the lung among all lung cancer subtypes. For example, several studies suggest that squamous NSCLC contains many genetic mutations and that EGFR mutations and ALK fusion gene rearrangement are rare in patients with squamous cell carcinoma (generally \<1%).[@b80-ott-8-2399],[@b81-ott-8-2399] Therefore, with the exception of erlotinib and the immunotherapy drug nivolumab, few target therapies are available for tumors with lung cancer and squamous cell histology.[@b82-ott-8-2399],[@b83-ott-8-2399] Although the results of the BR21 trial of erlotinib support the use of erlotinib as a second- or third-line therapy and afatinib could be another option for the treatment of patients with squamous cell carcinoma of the lung.[@b84-ott-8-2399] The magnitude of the benefit of these drugs is generally smaller than in patients with EGFR mutations.[@b82-ott-8-2399],[@b84-ott-8-2399]

Additionally, SCLC histology is very heterogeneous in terms of somatic mutations, but targeted treatment approaches have had limited success in SCLC in clinical trials and its role is unclear.[@b85-ott-8-2399],[@b86-ott-8-2399] Furthermore, the incidences of EGFR mutations and ALK translocation in high-grade pulmonary neuroendocrine carcinomas (SCLC and large-cell neuroendocrine carcinoma) are very low. Therefore, according to the International Association for the Study of Lung Cancer (IASLC), ALK and EGFR testing are recommended for adenocarcinomas and mixed lung cancers with an adenocarcinoma component. It is reasonable to test for EGFR mutations and ALK rearrangements in tumors with squamous cell histology, but clinical criteria, such as young age, lack of smoking history, and small biopsy specimens, may affect the decision to perform such tests.[@b87-ott-8-2399] Additionally, although it is not a subject of this review, we must report that patients with adenocarcinoma of the lung are the only who can be treated with the anti-angiogenetic agent Bev.[@b88-ott-8-2399],[@b89-ott-8-2399] Finally, chemotherapy with pemetrexed (a folate antimetabolite chemically similar to folic acid) in combination with cisplatin is only recommended as an option for the first-line treatment of patients with locally advanced or metastatic NSCLC if the tumor has been histologically confirmed to be adenocarcinoma or large-cell carcinoma.[@b88-ott-8-2399]--[@b90-ott-8-2399]

Conclusion
==========

EGFR mutations and EML4-ALK translocation are the most clinically relevant alterations that can dictate personalized treatment in NSCLC patients. Unfortunately, less than 15% of patients with adenocarcinoma of the lung are ideal candidates for these targeted therapies because EGFR mutations and ALK rearrangements are generally mutually exclusive.[@b91-ott-8-2399],[@b92-ott-8-2399] Additionally, limited lung cancer specimens (biopsies and cytologic specimens) can preclude the detection of these mutations. In the near future, we will address new research and clinical trials to discover alternative sampling approaches, such as plasma- or serum-derived DNA, for molecular analysis and to discover new drugs that can overcome the resistance to anti-EGFR and EML4-ALK targeted therapies.
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###### 

Approved drugs and indications of US Food and Drug Administration (FDA) for selected NSCLC patients (EGFR+ and ALK+)

  Erlotinib                                                                                                                                   Gefitinib                                                                                                                                         Afatinib                                                                                                                                    Crizotinib                                                     Ceritinib
  ------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------
  First-line treatment of patients with metastatic NSCLC whose tumors have EGFR exon 19 deletions or exon 21 (L858R) substitution mutations   First-line of treatment of patients with NSCLC whose tumors harbor EGFR mutations exon 19 deletions or exon 21 L858R substitution gene mutation   First-line treatment of patients with metastatic NSCLC whose tumors have EGFR exon 19 deletions or exon 21 (L858R) substitution mutations   Patients with metastatic NSCLC whose tumors are ALK-positive   Patients with ALK-positive, metastatic NSCLC with disease progression on or who are intolerant to crizotinib

**Notes:** ALK and EGFR testing are recommended for adenocarcinomas and mixed lung cancers with an adenocarcinoma component. Clinical criteria such as: young age, lack of smoking, history, small biopsy should drive EGFR mutations and ALK rearrangements in squamous cell histology.

**Abbreviations:** ALK, anaplastic lymphoma kinase; EGFR, epidermal growth factor receptor; NSCLC, non-small-cell lung cancer.
